It is rarely possible to directly radiocarbon date skeletal remains from hot environments as collagen rapidly degrades. Although able to survive in the majority of burial environments for longer, unburnt biological apatites frequently produce inaccurate radiocarbon dates due to contamination from carbonate in the groundwater. The location of this contamination within the skeletal material is rarely investigated, hampering development of improved methods. This paper focuses on tooth enamel and aims to test whether carbonate contaminants are sitting at the crystallite boundaries, and from this to test a pretreatment to produce more accurate radiocarbon age estimates. Although the porosity of enamel is low, trace elements are known to diffuse between enamel prisms and crystallites. Gordon et al. (2015, Science, 347 (6223), 746-750) identified magnesium substituted amorphous calcium phosphate between the apatite crystallites. This phase contains the majority of magnesium within modern rodent enamel, providing an opportunity to monitor its removal, and thus carbonate contaminants sitting between or on the surface of the crystallites. Modern Sus scrofa enamel and four ancient Sus scrofa teeth have been used to demonstrate that the more finely ground the enamel, the more magnesium can be removed with an acetic acid leach, and the more accurate the radiocarbon dates. After leaching in acetic acid, teeth dating to beyond the limit of the radiocarbon method (c.50 ka) produce ages of c.20 kBP when hand ground, and c.30 kBP when mechanically ground. This suggests that some contaminants are sitting at the crystallite boundaries. However ,   1  1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 although mechanically grinding substantially increases the amount of carbonate contamination removed in an acid leach compared to hand grinding, not all contaminants could be removed from the samples examined in this study, and radiocarbon dates on tooth apatite should still be regarded as minimum ages.
Introduction
Bone, dentine and enamel are made of varying proportions of organic, primarily protein, mineral and water phases. The protein fraction is normally targeted when radiocarbon dating skeletal remains. A variety of cleaning protocols, or 'pretreatments', that effectively remove contaminants have been developed over several decades of intensive research (Brown et al., 1988; Longin, 1971; Marom et al., 2012; McCullagh et al., 2010; Ramsey et al., 2004; Stafford Jr et al., 1988; Tisnérat-Laborde et al., 2003) . However, in warm environments collagen rapidly degrades and, if water is present, leaches out of bone and dentine (Collins et al., 2002; Hedges, 2002) . As a result, in these environments it is rarely possible obtain sufficient collagen to accurately radiocarbon date skeletal material beyond a few thousand years (Calo et al., 2015; Storm et al., 2013; Wood et al., 2013; Zazzo et al., 2014) . Without the ability to directly date skeletal remains, it is exceptionally difficult to create high quality chronologies for e.g. cemetery sites or the domestication of fauna.
The mineral component of bone and enamel, bioapatite, out-survives collagen in the majority of deposition environments. Although it can preserve stable isotopic signatures for more than 1 ma (Lee- Thorp, 2002) , radiocarbon age estimates are normally found to be younger than expected. Within the Holocene, dates on bioapatite normally underestimate the expected age of a sample by a few hundred 14 C years, but in the Pleistocene this can increase to 10,000s 14 C years (Grün et al., 1997; Haynes, 1968; Hedges et al., 1995; Zazzo, 2014; Zazzo et al., 2013; Zazzo and Saliège, 2011) .
Enamel has long been thought to provide a more reliable material for radiocarbon dating than bone apatite (Haynes, 1968) because it has lower porosity and a smaller surface area (Hedges et al., 1995; Millard and Hedges, 1996) , larger crystallites (26.3 x 100-1000 nm vs. 5 x 100 nm (Bottero et al., 1992; Cui and Ge, 2007) ), and is less soluble due to its lower carbonate content (3.5 wt% vs. 6 wt% (Elliott, 2002) ). Despite these observations, relatively few studies have focused on radiocarbon dating enamel. When Zazzo (2014) reviewed the limited data and added several extra case studies he found that when bone and enamel apatite were pretreated in a similar manner, they underestimated the age of the samples to a similar extent, and he concluded that they are equally poor materials for radiocarbon dating.
However, enamel has a complex hierarchical structure which is quite different to that of bone. Does this mean that contamination could be more effectively removed from enamel if it were pretreated in a different way to bone? This paper aims to consider the effect of enamel structure on the potential diagenetic pathways which could add exogenous carbonate to tooth enamel, and investigate whether a better understanding of one of these pathways may enable more accurate radiocarbon dates to be produced.
The structure of tooth enamel
Tooth enamel consists of an inorganic mineral phase, the focus of this study, with a 3  3   54  55  56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97 small proportion of organic material (<1% (Lee-Thorp, 2002) ) and water. In mammals, the inorganic phase consists of crystallites of bioapatite (human: 26.3 x 68 x 100-1000 nm (Cui and Ge, 2007) ) arranged into micrometer-sized prisms (also known as rods) which are woven into various structures through the enamel crosssection (known as the schmelzmuster). Between the prisms, crystallites are arranged into an interprismatic matrix (terminology follows Koenigswald and Sander (1997) , figure 1 ).
The crystallites are formed of hydroxyapatite, also known as bioapatite, with the general formula Ca 10 (PO 4 ) 6 OH 2 , into which various ions are substituted. Carbonates can be located in a number of environments within the apatite phase. Most carbonate is found in the B position, substituting for phosphate, with some found in the A position, substituting for hydroxyl ions, and the remaining in as yet poorly defined environments (Elliott, 1994) . Several early studies proposed that non-apatite mineral phases may also be present in enamel (Driessens, 1982; Driessens and Verbeeck, 1982, 1985; Hallsworth et al., 1972) , and in 2015 Gordon et al. demonstrated that magnesium is concentrated between crystallites in non-pigmented rodent enamel. They suggested this was contained in a magnesium substituted amorphous calcium phosphate (Mg-ACP). In rodent enamel, the Mg-ACP phase contains carbonate, and at crystallite junctions the concentration of carbonate is higher than in the apatite . The chemical location of carbonate within this phase is not yet known.
Although enamel porosity is low, pores are present and play an important role in the diffusion of water and solutes through the tooth (Shellis and Dibdin, 2000) . Pores exist both between prisms and within prisms (Shellis and Dibdin, 2000) . In agreement with this model, desorption-adsorption studies with water suggest pore sizes in human molar enamel follow a double-peaked distribution with maxima at 1 nm and 2.5 nm (Zahradnik and Moreno, 1975) . Porosity also varies throughout a tooth and between teeth: enamel density decreases from the outer enamel surface (OES) to the enamel dentine junction (EDJ), and tends to be lower in molar than canine enamel due to differences in prism packing (Shellis and Dibdin, 2000) . Finally, larger pores in the form of spindles (the remains of odontoblast processes that become trapped when enamel formation begins) and tufts (thin, branching features high in protein) extend from the EDJ into the inner enamel.
Enamel diagenesis and the addition of carbonate
Carbonate from groundwater is likely to enter the tooth structure in three ways. First secondary minerals such as calcite can form (Haynes, 1968) , most likely on the surface or in the cracks. Second, it is possible for apatite to recrystallize in a mid-high pH solution (Larsen and Jensen, 1989) . However, it is likely that recrystallized apatite will contain less carbonate than the original bioapatite (LeGeros and Tung, 1983) , as incorporation of carbonate increases solubility of hydroxyapatite (Grøn et al., 1963; LeGeros and Tung, 1983) due to the increased strain in the crystal lattice (Blumenthal 4 4   98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141   et al., 1975) . This would reduce the importance of this mechanism for radiocarbon dating.
Finally, it is likely carbonate diffuses through enamel. Several models have been built to explain the diffusion of trace elements within the burial environment (Kohn, 2008; Millard and Hedges, 1996) , and a diffusion-adsorption mechanism is thought to explain the diffusion of uranium into enamel as employed in U-series dating (Millard and Hedges, 1996) . Enamel is an imperfect semi-permeable membrane, which acts as a molecular sieve (Borggreven et al., 1980; Borggreven et al., 1977; Shellis and Dibdin, 2000) , and is permeable to water, ions and small organic molecules (Shellis and Dibdin, 2000) . Most diffusion occurs at the prism boundaries (Brudevold et al., 1977; Lindén, 1968) where the largest pores are found (Shellis and Dibdin, 2000) , but it has also been observed to a more limited extent within the prisms between crystallites in modern teeth (Lindén, 1968) . suggest diffusion may also be possible through the hydrated Mg-ACP phase at room temperature and pressure, although further work is needed to clarify this.
Radiocarbon dating of enamel
The standard radiocarbon pretreatment applied to both bone and enamel apatite involves leaching in acetic acid under vacuum (Balter et al., 2002; Haynes, 1968; Zazzo and Saliège, 2011) . This treatment was designed to remove calcite, which is more soluble than hydroxyapatite in acetic acid (Haynes, 1968) , but it is also likely to remove at least some of the Mg-ACP phase and the more soluble apatite high in carbonate (LeGeros and Tung, 1983; Zazzo and Saliège, 2011) . Unfortunately the latter is more likely to be original bioapatite than recrystallized material (Sillen and LeGeros, 1991) .
There is little consistency between laboratories in the conditions under which this leaching occurs. Shorter leaching times (around an hour) are favoured by some researchers (Lee-Thorp and van der Merwe, 1991) as brushite (CaHPO 4 ·2H 2 O) can precipitate below pH4 (Larsen and Jensen, 1989) . However, where acid leaching occurs under vacuum (Balter et al., 2002 ) the formation of brushite is unlikely to affect the radiocarbon age, leading others to advise reaction times of at least 10 hours (Zazzo and Saliège, 2011) . Both acetic acid (Haynes, 1968) and hydrochloric acid (Van Strydonck et al., 2009) have been used at varying concentrations to clean bioapatites, and there is little conclusive data to suggest which might be better. In contrast to these continuing conversations, Zazzo (2014) has demonstrated that a grain size of <160 μm produces older age estimates than a grain size of > 1 mm, although even with the smaller grain size, dates are not accurate.
The ability of step-heating to improve age estimates of bone (Haas and Banewicz, 1980) and, of more interest here, enamel (Surovell, 2000) has also been investigated. When an acid leach was used prior to heating, accurate dates were obtained. Unfortunately, the temperature required to remove contaminants was not consistent between samples, hindering wider application of this technique.
The effect of grain size on age and the ability of preheating to aid contaminant removal suggests that that much of the carbonate not removed with the current acid leaching protocol in enamel may sit within the enamel structure rather than on the surface, and could be related to the diffusion and adsorption of carbonate. The experiment reported here aimed to examine whether enamel could be broken into individual crystallites so their surface could be removed with an acid leach, and subsequently whether age was related to Mg content, and thus presence of the Mg-ACP phase. If carbonate contaminants are located at the crystallite boundaries, either in the Mg-ACP or on the crystallite surface, Mg should decrease with F14C (the fraction 14 C in the sample divided by the fraction 14 C in the standard, δ 13 C-normalised (Reimer et al., 2004) ).
Materials and methods

Samples
This study used enamel from Sus scrofa 2 nd or 3 rd molars to avoid variations resulting from differences in enamel structure and chemistry between species and teeth. These large teeth have thick enamel, and are abundant in a range of geographic and deposition environments. Sus 3 rd molars are also of considerable archaeological interest as they can be readily used to identify not only the species but also provide information about the impact and process of domestication (Cucchi et al., 2009; Evin et al., 2015) .
One modern M3 was used to determine grinding and acid leach conditions, and to examine how magnesium content was affected by pretreatment (Table 1 ). The sample was the result of natural death from a piggery near Byron Bay (New South Wales, Australia). The maxilla BB1 was left near or on the surface and collected defleshed.
Four ancient samples were collected (Table 1) . Three are from the sites of Duoi U'Oi (sample DU795) and Lang Trang (samples LT1 and LT4), two caves in tower karsts in humid subtropical northern Vietnam, and date to beyond the limit of the radiocarbon method. Given their age, these are highly sensitive to young contaminants. One sample was recovered from a well-dated Holocene site, Rach Nui, an artificial mound in the tropical savanna of southern Vietnam.
An assemblage of faunal remains was recovered from a breccia in Duoi U'Oi (Man Duc village, c. 85 km SW Hanoi) in 2003 (Bacon et al., 2008; Bacon et al., 2015) . Sus scrofa teeth are common (86 1 st , 2 nd or 3 rd permanent molars) and a speleothem found towards the top of the bone bearing breccia has been dated by U-series to 66 ± 3 ka. Sus scrofa are the most frequent fossil (NISP 1027 (Long et al., 1996) Olsen, 1991). Although preliminary electron spin resonance dates have been produced from Cave 2 (285 ± 24 ka (Ciochon and Olsen, 1991) ), finalized results and their relationship to the cave stratigraphy have not been published. In contrast, on biostratigraphic grounds, the assemblage is thought to be of a similar age to that in Duoi U'Oi, dating between 80 -100 ka (Long et al., 1996) . If confirmed by U-series to date beyond 50 ka, any 14 C in the teeth from Duoi U'Oi and Lang Trang can be regarded as a contaminant.
Rach Nui is located in Long An Province, around 50 km south of Ho Chi Minh City (Oxenham et al., 2015) . It is an artificial mound, resulting from construction and reconstruction of at least 14 house platforms, rising 5 -6 m above the surrounding alluvial landscape today. The sampled Sus scrofa M2 was excavated in 2012 from an exterior surface constructed of silty clay sediments packed with pottery and domestic waste such as shell and bone. A radiocarbon chronology based on charcoal has been established, suggesting that the mound was constructed in 45 -210 calibrated years (95.4% probability, against IntCal13 (Reimer et al., 2013) ). The upper limit of the context sampled here is poorly constrained, but the overall sequence of deposits is well dated and demonstrates no reworking and little inbuilt age in the charcoal dated. A date on charcoal from the unit falls between 3550 -3360 cal BP (SANU-30823, 3200 ± 35 BP, Oxenham et al., 2015) .
U-series dating
The teeth from Duoi U'Oi and Lang Trang were U-series dated to confirm that they fell beyond the limit of radiocarbon dating. Laser ablation U-series analyses were carried out at the Research School of Earth Sciences of the Australian National University (ANU), using a custom-built laser sampling system interfaced between an ArF Excimer laser and a MC-ICP-MS Finnigan Neptune (for details, see Eggins et al., 2003; Eggins et al., 2005) , following principles and procedures described in Grün et al. (2014) . Cross sections were cut from each tooth sample and several spots were ablated across at least two transects per tooth (figures 2 and 3) to evaluate the spatial variability of uranium-series isotopes in both enamel and dentine dental tissues.
Individual closed system U-series age estimates were calculated for each ablation spot, although values for which U-concentration is lower than 0.5 ppm should be considered with caution. For each dental tissue, final U-series age results were calculated by integrating the data from all the spots of a given tissue.
Sample pretreatment for radiocarbon
The dentine and enamel surface, including the surface of cracks, was removed with a dremel drill and tungsten carbide drill bit. Teeth were then ground by hand, first by crushing in a hardened steel hammer press, and then under MilliQ TM water in an agate pestle and mortar until smooth to touch (around 15 minutes). Samples were freezedried, and subdivided. Lee- Thorp et al. (1997) have noted that small particle sizes can be generated with a diamond drill. Unfortunately it was not possible to remove the large sample size required in this study with a drill so a McCrone TM Microniser was used to mechanically grind the samples.
One aliquot of hand ground material was retained, whilst the remaining material was further ground with the microniser. Prior to use and between samples, agate beads and the plastic container were soaked in dilute HCl and then MilliQ TM water. To determine the length of grinding required to separate the crystallites, a series of c.1g aliquots of the modern tooth enamel were ground for 5, 15 and 30 minutes in 5 ml MilliQ TM water, and freeze-dried. Ancient samples were ground for 30 minutes in 5 ml MilliQ TM water.
Acetic acid leaching followed a protocol similar to that outlined in Zazzo (2011) . The sample was weighed into a Vacutainer TM and placed under a weak vacuum (c.1x10
Torr) prior to the addition of 1 ml unbuffered 1M acetic acid per 50 mg enamel with a gas tight syringe. After 30 min and 1 hour, evolved gas was removed by freezing the solution in a dry-ice/ ethanol slush, and evacuating until a vacuum of c. 1x10 Torr. The resulting carbon dioxide was cryogenically purified and collected before graphitization with hydrogen over an iron catalyst and measurement in an NEC single stage accelerator at the Research School of Earth Sciences at the ANU (Fallon et al., 2010) . Dates have been corrected using the δ 13 C measured by AMS and calculated according to Stuiver and Polach (1977) .
To examine whether carbon was added during pretreatment and radiocarbon dating, a mixture of geological apatite (purchased from Awaken Crystals TM ) and either marble (IAEA-C1) or a modern oyster shell was used to simulate ancient and modern enamel respectively with 0.7 %C. As the carbonate would completely dissolve during the acetic acid leach, the apatite was ground and pretreated, and the carbonate added immediately prior to dating. No uncontaminated, known age ancient enamel sample suitable for use as a radiocarbon blank standard is known. Therefore, although not a perfect substitute for enamel, this mixture was thought the best substitute possible, having a broadly similar composition and therefore surface area as enamel. 272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314 The dates from Rach Nui have been calibrated against IntCal13 (Reimer et al., 2013) in OxCal v.4.2 (Ramsey, 2009 ) for comparison to the dates presented by Oxenham et al. (2015) .
2.5 Field emission scanning electron microscopy (FESEM) Scanning electron microscopy was undertaken to examine grain size. To break the aggregates of highly electrostatic nanoparticles, ground samples were suspended by ultrasonicating in water for 30 min and pipetted onto super smooth silicon mounts (Agar Scientific TM ) prior to analysis without coating. Secondary electron images were collected using a Zeiss UltraPlus analytical FESEM housed in the Centre for Advanced Microscopy at the ANU. An accelerating voltage of 1-2 kV, a working distance of 1.6 -2.3 mm, and an aperture of 30 μm were used.
2.6 Inductively Coupled Plasma -Atomic Emission Spectrometry (ICP-AES) 10 mg of enamel was dissolved in 10 ml 2% distilled nitric acid for analysis of magnesium content on a Varian Vista AX CCD Simultaneous ICP-AES using AccuTrace mixed element standards at the Research School of Earth Sciences at the ANU. The detection limit for Mg was 0.05 mg/L, and the standard deviation of the three leached aliquots of M15_1 was 0.06 mg/L or 0.003 wt% Mg. Three blanks contained 0.00 mg/L.
Fourier Transform-Infra Red spectroscopy (FTIR)
FTIR was undertaken to check for brushite formation, which although unlikely to affect the radiocarbon age, would affect element ratios and stable isotope analyses. 1-1.5 mg of sample was mixed with 200-300 mg dry KBr and pressed into pellets under vacuum. The average of 100 transmission spectra were recorded on a Bruker Tensor 27 at the Research School of Earth Sciences at the ANU between -400 --4000cm resulting from a ν 4 PO bend (Berry and Baddiel, 1967; Petrov et al., 1967) . Reproducibility was determined through repeat measurement of one ground aliquot (M5) and repeat leaching of one sample (M15_1).
It was not possible to use the spectra to investigate changes in the carbonate environment. The carbonate ν 2 bands of most interest (Fleet, 2009; Yi et al., 2014) overlap with each other and the strong phosphate ν 3 band. In FTIR spectra band width, and therefore the amount of overlap between bands, is affected by grain size (Hunt and Vincent, 1968) . This made comparisons between the hand ground and micronised samples sensitive to methods used to subtract the overlapping phosphate band, and confident interpretations could not be made. 315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358 mass spectrometer operating in continuous flow mode. An internal carbonate reference and NBS18 was used to scale the data. Reproducibility (1 standard deviation) assessed by repeat measurement of the internal standard, repeat measurement of one ground aliquot (M5) and repeat leaching of one sample (M15_1) was 0.001 ‰ for δ 13 C, 0.2 ‰ for δ 18 O and 0.01 for %C. δ 13 C reproducibility is typically around 0.1 ‰, and appears unusually low here.
Results
Modern enamel
Effect of grinding protocols on grain structure
As found previously (Frazier, 1970) , imaging of ground enamel is hindered by the strongly electrostatic nature of the nano-sized crystallites. Even after ultrasonication the crystallites tended to clump together which, combined with the large range in particle size, made quantification of grain size difficult. However, the images in figure 2 illustrate how the grinding protocols separated the components of enamel. When ground by hand, enamel prims were separated. These appear to have remained largely intact with widths around 1 μm (figure 4a-b) although a few crystallites were liberated (figure 4c). Mechanical grinding increased the proportion of free crystallites (figure 4d). When large clumps were observed, they were composed of agglomerates of individual and broken crystallites (figure 4e). However, after 30 minutes grinding sections of prism around 0.5 μm in width remain (figure 4f). Although significantly better at breaking the prism structure than hand grinding, the McCrone Microniser was not able to separate all crystallites.
Effect of acid leaching on Mg content
Samples leached for longer than 20 hours contained brushite (table 2), and are not discussed further. In the remaining samples there is a clear relationship between grinding time and magnesium content in the acid leached enamel (figure 5a). During the first 15 minutes of leaching there is a rapid decrease in Mg, after which time concentration gradually declines. Concentration of Mg is also dependent on grain size, with the samples ordered in terms of length of micronisation for each acid leach. After 20 hours in acetic acid the hand ground sample contained 0.128 wt% Mg, whilst the sample micronised for 30 minutes contained 0.099 wt% Mg.
This pattern is not due to the faster reaction of the smaller grain sizes as the % yield for all leached samples was between 60 -70 % (table 2) . Neither is it due to the formation of large quantities of brushite (table 2). This suggests that the smaller the grain size, the more Mg-ACP is removed. For the conditions examined here, enamel ground for 30 minutes in the microniser and leached for 20 hours is likely to remove the most Mg-ACP. 359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402 The majority of change within the IRMS data occurs during the first hour of acetic acid leaching (table 2, figure 6a-c). δ 13 C ranges by just 0.017 ‰, the majority of the range being caused by an unusually high value for M15. Although outside of the reproducibility of the batch, this is a tiny variation in contrast to a typical measurement error of c.0.1 ‰. Therefore although the smaller grain sizes are most depleted during the leaching process, perhaps suggesting that the carbonate in the Mg-ACP phase has a different isotopic value to carbonate within the apatite, further replication is required to confirm the pattern. δ 18 O ranges by 1.6 ‰, increasing in the first hour of leaching, but there is no systematic difference between grain sizes. %C ranges by 0.1 %C, around 15 % of the starting carbon concentration. Overtime the %C gradually decreases with the exception of a rapid decrease at 15 minutes, followed by increase at 1 hour. Again, there seems no systematic difference between the different grain sizes.
Ancient enamel
U-series dating
Because dental tissues are known to behave as open systems for U-series elements, Useries results should be considered as minimum possible age estimates for the fossil remains (Grün et al., 2014) . In the three tooth samples, ablation spots show Uconcentration values decreasing from the dentine-enamel junction towards the outer enamel surface (which is virtually free of uranium), suggesting a preferential direction of uranium diffusion into the enamel layer from the dentine. Such a trend is not surprising, as it is might simply be related to the density gradient, which increases from the enamel dentine junction to the outer enamel surface (see section 1.1.).
Although U-concentrations values measured in the enamel and dentine of sample DU795 differ by at least one order of magnitude (figure 2), U-series ages are spatially highly consistent, with integrated results of around 100-110 ka for all dental tissues (table 3) .
In contrast, data collected for Lang Trang samples (LT1 and LT4, figure 3) are much more scattered. U-concentration values measured in dentine of LT1 are overall spatially constant around 6-7 ppm, while U-series data are close to secular equilibrium, explaining the relatively large age errors. These results indicate that the dentine is older than 350 ka. In comparison, enamel U-series ages are around 210-240 ka, although the very low concentration values induce a large uncertainty for LT1-EN1 (table 3) .
In comparison, sample LT4 shows much younger U-series ages. The two dentine domains (DE1 and DE3) show highly consistent results of 115-120 ka, while the enamel domains have more scattered values, mostly because of the very low Uconcentration values (<0.5 ppm). Consequently, no integrated age results were obtained for enamel domains EN1 to EN3 (table 3). To summarise, the U-series dating results confirm that the three teeth from Duoi U'Oi and Lang Trang fall beyond the time range covered by the radiocarbon dating method.
Effect of acid leaching on Mg content
To examine the effect of the acetic acid leach and grain size, four aliquots of the ancient teeth were examined. Each sample was hand ground and a subsample micronised for 30 minutes. A subsample of both hand ground and micronised aliquots was leached in acetic acid for 20 hours. It was not possible to leach a hand ground aliquot of ISO-6 due to the limited sample size.
Despite careful washing of the grinding equipment, LT1 must have been contaminated during mechanical grinding as the Mg concentration is higher in the micronised than hand ground aliquot (table 4, figure 5b). Excluding this one data point, the samples follow the same trend as the modern enamel. As with the modern enamel, the hand ground sample contains the most Mg whilst the leached micronised sample contains the least. Although the hand ground Pleistocene samples (0.13-0.16 %Mg) contain less Mg than the modern (0.23 %Mg) and Holocene (0.25 %Mg) enamel, all contain similar concentrations after leaching (0.10 -0.13 %Mg). Interestingly, the Holocene sample ISO-6 contained much less Mg when mechanically ground (0.15 %Mg) than hand ground (0.25 %Mg), perhaps suggesting leaching of the Mg-ACP phase started during mechanical grinding in water.
In contrast to the modern enamel, consistently more hand ground material survived the acid leach than the micronised sample (table 4) , and a small amount of brushite may be present in LT4 (table 4) . Though not as clear as in the modern enamel, these results are suggestive of preferential removal of the Mg-ACP phase. O by more than 2 ‰ whilst δ 13 C decreases by up to 1.4 ‰ during the acetic acid leach. The large difference in %C is partially related to carbon contamination added to the micronised sample, as discussed further in the radiocarbon section below, although leached micronised samples have around 0.1 less %C than leached hand ground samples. The larger changes occurring within ancient samples compared with the modern tooth is likely to be due to the effect of diagenesis in the ancient teeth, and the removal of exogenous contamination. However, with only one modern tooth examined and no understanding of variability between teeth of the same taxa, further work would be needed to confirm this. 12  12   444  445   446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484 485 486
Effect of acid leaching on %C
Effect of acid leaching on radiocarbon age
It appears that carbon contamination was introduced to all samples whilst mechanically grinding, as micronised samples have a higher F14C and more carbon than hand ground samples (figure 7, table 4). This contamination was identified in the mixture of geological apatite and marble used to monitor laboratory backgrounds (figure 8). Although mixtures of apatite and modern oyster shell are consistent throughout treatment, the mixtures of marble and micronised apatite have higher F14C values than the mixture of marble and hand ground apatite. This suggests that around 1.6 ± 0.05% of the carbon within the micronised sample was a modern contaminant, most likely atmospheric carbon adsorbed to the large surface area. However, when the apatite was leached in acetic acid for 20 hours, the contamination is removed. A larger amount of modern contamination was added to the ancient enamel samples (between 3.8 -5.7%), presumably due to a larger surface area of the needle shaped enamel grains compared to the more spherical geological apatite grains. However, it is thought likely that the acetic acid removed this contamination, and so all ancient enamel samples have had a laboratory blank calculated from the laboratory long-term marble average subtracted, as routine practice for carbonates dated at the ANU.
All acid leached micronised samples contained less 14 C than acid leached hand ground samples, and F14C is related to Mg concentration (figure 9). In terms of conventional radiocarbon age (figure 7b), untreated hand ground Pleistocene samples had ages of around 15 kBP, leached hand ground samples around 20 kBP and leached mechanically ground samples around 30 kBP.
Age differences were much smaller in the more recent tooth from Rach Nui. The leached mechanically ground aliquot was around 400 years older than the starting material. The calibrated range of the mechanically ground and leached sample overlaps at 95.4% probability with a fragment of charcoal from the same archaeological context and the two conventional ages pass a Chi squared test (Χ 2 Test: df = 1, T = 2.4 (5% 3.8)). Unfortunately the sample was too small to radiocarbon date a leached hand ground aliquot to assess whether mechanical grinding prior to acetic acid leaching improved the age estimate in comparison to grinding the sample by hand.
Discussion
It has been known for some time that magnesium is preferentially removed during acid dissolution of enamel powder (Borggreven et al., 1986) and in early carious enamel lesions (Hallsworth et al., 1972) . This formed the basis for early hypotheses that enamel was not only formed of apatite, but contained a second mineral phase. Using modern enamel this study has demonstrated that the amount of magnesium removed with acetic acid is dependent upon grain size, as would be expected if the majority of magnesium within in enamel is located at the crystallite boundaries, either in Mg-ACP or on the crystallite surface. 487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530 When replicated with ancient enamel, radiocarbon age is found to be related to grain size and magnesium content. This suggests that at least some of the carbon contamination not removed by the acetic acid leach routinely applied to radiocarbon samples appears to be located within the Mg-ACP or at the surface of the crystallites.
This has three implications:
1. It provides an opportunity to improve radiocarbon age estimates on tooth enamel. 2. The effect of the acid leach on carbonate stable isotopes can be examined where carbonate contamination is more effectively removed, as judged by improvement in radiocarbon age. 3. It adds to the body of evidence on how tooth enamel alters in archaeological and palaeontological contexts.
Implications for radiocarbon dating
The offset between radiocarbon dates on enamel and the expected age of the tooth are compared to published dates on known-age enamel collated by Zazzo (2014) in figure  10 . When the Pleistocene teeth from Duoi U'Oi and Lang Trang were treated as routine radiocarbon samples, hand grinding prior to an acid leach, they fall within the higher end of the offsets observed for other samples. However, when mechanically ground, the underestimation in radiocarbon age is less than all other samples of a similar age. Although this improvement in age is promising, the underestimation is still uncomfortably large at around 20,000 14 C years.
Although it is clear that Pleistocene enamel is unlikely to generate accurate radiocarbon dates using this method, it is useful to consider what effect the level of contamination seen in the Pleistocene teeth might have on younger samples. On average, the samples from Duoi U'Oi and Lang Trang have a F14C of 0.022. If we assume that this is caused by modern contamination, 2.2% of the carbon in the enamel must be a contaminant. In a sample of 3000 years, this level and age of contamination would cause the sample to be underestimated by just 70 years, scarcely larger than the typical 2 sigma error range (± 50 -70 14 C years). The tooth enamel from Rach Nui, which is statistically indistinguishable from charcoal from the same context, supports the idea that mid-late Holocene samples may not be grossly affected by contamination (Zazzo, 2014) , if finely ground samples are acid leached prior to dating.
Further work is required to assess how reproducible this age offset is. Very similar age underestimates have been obtained from the three sites from two different environments. However, given that at least 2% of the carbon in all mechanically ground samples is from a contaminant, it is highly likely that age offsets will be variable, and dates must be regarded as possible minimum ages. This is particularly important to consider where Bayesian chronological modeling is used as this will increase precision, exacerbating any minor systematic underestimation in age. 531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574 Improvements to the radiocarbon pretreatment protocol will depend on understanding where the remaining contamination is located. The mechanical grinding protocol employed does not completely break apart the crystallite structure, and it is possible that some of the Mg-ACP phase remains. Unfortunately it is not yet possible to use the Mg concentration to assess whether all of the Mg-ACP phase was removed during the leaching experiments as Mg concentration within apatite crystallite and Mg-ACP phase has only been measured in rodent enamel , and may differ in the enamel of Sus scrofa.
It is also likely that other diagenetic mechanisms are occurring, introducing carbon of a younger age. For example, it is possible that recrystallisation occurred alongside demineralization of areas of the tooth enamel. Further study of enamel diagenesis is clearly required to understand and screen for this recrystallization process, alongside development of new grinding protocols to more effectively break the crystallites apart without adding contamination (for example using SelFrag TM ).
Implications for carbonate stable isotope analysis
Tooth enamel is often washed in acetic acid prior to analysis of carbonate stable isotopes (Garvie-Lok et al., 2004; Lee-Thorp, 1989 ; Lee-Thorp and van der Merwe, 1991). There has been some debate over whether this pretreatment can affect the final result through the formation of secondary minerals or recrystallization of the apatite crystallites (Garvie-Lok et al., 2004; Lee-Thorp and van der Merwe, 1991; Pellegrini and Snoeck, 2016) .
This study adds to the growing body of evidence that an acetic acid leach affects the measured stable isotope ratios in modern enamel. For example, like this study, Pellegrini and Snoeck (2016) noted that the effect seems minor in terms of δ 13 C (<0.5 ‰), and is unlikely to have a large effect on the interpretation of stable isotopic data obtained from archaeological or palaeontological studies. We observed a slightly larger change in δ 18 O (>1 ‰) than Pellegrini and Snoeck (2016) which, depending on the research question, could have an effect on interpretation. This shift in isotopic value may be due to structural alteration induced by the acetic acid, but if so, these changes occur within the first hour of treatment and are not visible in the FTIR spectra. It is also possible that the isotopic signature of the carbonate within the Mg-ACP is different to that in the enamel. To investigate this possibility, further work at higher precision is required to assess whether trends in isotopic shift can be observed between samples of different grain size.
The effect of acid leaching on stable isotopes in ancient material was larger than in the modern tooth. This is probably due to the removal of exogenous contamination, as the radiocarbon evidence demonstrates the acetic acid leach reduces contaminant levels from at least 15 % (hand ground) to at least 2 % (micronised and leached). An acid wash prior to stable isotope analysis of enamel is therefore required. 575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618 The effect 2 % contamination on the stable isotopic signature of enamel depends on the difference between carbonate in the groundwater and carbonate in the enamel. To shift the isotopic signature of the enamel by more than 1 ‰, more than 10 % of the carbonate would need to be a contaminant if the two sources of carbonate differed by 10 ‰. This estimate agrees well with both δ 13 C and δ
18
O in the ancient samples examined here, which vary by little more than 1 or 2 ‰ between untreated and leached micronised samples (figure 6d,e).
Implications for enamel diagenesis
In contrast with the extensive study of bone diagenesis (Collins et al., 2002; Hedges, 2002) , relatively little work has examined how enamel degrades in the burial environment. However, it is clear from e.g. radiocarbon analyses (Zazzo, 2014) , trace element analyses (Hinz and Kohn, 2010; Kohn, 2008; Sponheimer and Lee-Thorp, 2006; Trueman and Tuross, 2002) , U-series dating (Millard and Hedges, 1996; Pike et al., 2002) , FTIR (Asscher et al., 2011) and microscopy (Hollund et al., 2014) , that enamel is altered by chemical and possibly microbial processes.
One diagenetic mechanism seems to involve the diffusion of carbonate through the enamel matrix, as previously observed with trace elements. The increase in age with decreasing grain size, and the relationship between age and Mg concentration suggests that the carbonate is not only diffusing along the larger pores at prism junctions, but is diffusing between the individual crystallites.
Mg concentration is low in all Pleistocene enamel samples. Whilst this might be part of the natural variation in Mg concentration, it may also suggest that the Mg-ACP phase dissolves during burial. Nielsen-Marsh and Hedges (2000) have used acetic acid leaching to examine the diagenetic processes occurring in bone, arguing that this treatment may imitate some of the processes occurring during burial. The acetic acid leach reduced Mg concentration in modern enamel, even in the hand ground samples. If this process does occur during burial, removal of the Mg-ACP phase may increase porosity, facilitating faster diffusion.
Conclusions
Mechanically grinding tooth enamel to separate the apatite crystallites can improve the ability of the acetic acid wash to remove carbonate contaminants. As a result the accuracy of radiocarbon dates on enamel is substantially improved. However, even with the grinding protocol and cleaning applied here, at least 2% of the carbonate within the treated enamel was a contaminant. Teeth known to be more than 50,000 years old were dated to c.30 kBP. Within the mid-late Holocene, this level of contamination would cause radiocarbon age estimates to be within c.100 14 C years of the true sample age. However, only four teeth have been examined, so variation in the   16  16   619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661 contamination level is unknown. Therefore all radiocarbon dates on enamel must be regarded as potentially inaccurate, and most likely too young.
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Table 1: Samples used in this study. Tooth eruption and wear stages follow (Lemoine et al., 2014) and associated radiocarbon dates have been calibrated against IntCal13 (Reimer et al., 2013 ) in OxCal v.4.2 (Ramsey, 2009 . Table 2 : Analytical results of the modern enamel sample BB1 after grinding by hand and micronising for 5, 15 and 30 minutes, and etching in acetic acid for up to 71 hours. All measurements are on the powder remaining after treatment. Where replicates were made, average values are given. Standard deviations are given in the text. N/A refers to samples were analyses were not undertaken due to the presence of brushite. Table 3 : U-series results on the three tooth samples from Duoi U'Oi and Lang Trang sites. Values were calculated by integrating the data from all the spots of a given domain with a dental tissue. For all domains, elemental U/Th ratios were found to be above 250, minimizing thus the impact of detrital 662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682  683  684   685  686  687  688  689  690  691  692  693  694  695  696  697  698  699  700  701  702  703  704   Table 4 ; Analytical results on ancient enamel samples. Micronised samples were milled for 30 minutes. All measurements are on the powder remaining after treatment. Holocene dates have been calibrated against IntCal13 (Reimer et al. 2013) in OxCal v.4.2 (Ramsey 2009) and are given at 95.4% probability. 705  706  707  708  709  710  711  712  713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732  733  734  735  736  737  738  739  740  741  742  743  744  745  746  747 given at 1σ (smaller than the datapoint size for the marble-apatite mixtures), and F14C is presented with no laboratory background subtraction. Figure 10 ; Comparison of results obtained in this study with radiocarbon dates on the apatite of bone, dentine and enamel collated by Zazzo (2014) . Dates are given against the expected age. Only samples Zazzo (2014) ranked highly in terms of security of known age are presented . 795  796  797  798  799  800  801  802  803  804  805  806  807  808  809  810  811  812  813  814  815  816  817  818  819  820  821  822  823  824  825  826  827  828  829  830  831  832  833  834  835  836  837  838  839  840  841  842  843 21   844  845  846  847  848  849  850  851  852  853  854  855  856  857  858  859  860  861  862  863  864  865  866  867  868  869  870  871  872  873  874  875  876  877  878  879  880  881  882  883  884  885  886  887  888  889  890  891 892  893  894  895  896  897  898  899  900  901  902  903  904  905  906  907  908  909  910  911  912  913  914  915  916  917  918  919  920  921  922  923  924  925  926  927  928  929  930  931  932  933  934  935  936  937  938  939  940 Table 1 : Samples used in this study. Tooth eruption and wear stages follow (Lemoine et al., 2014) and associated radiocarbon dates have been calibrated against IntCal13 (Reimer et al., 2013) in OxCal v.4.2 (Ramsey, 2009) , suggesting small amounts of brushite may be present.
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